A distributed acoustic sensor (DAS) based on two-mode fiber is demonstrated. By using φ-OTDR, the backscattered light from higher order mode can be used to quantify vibrations. By combining the result obtained from different mode, 2.52dB improvement in noise floor is achieved. The results confirm that few-mode fiber can be used for DAS applications.
Introduction
In the past few years, few mode fibers (FMFs) have been adopted ever increasingly in communication systems as well as in areas such as high-voltage cable condition monitoring, pipeline leakage detection, fire detection, and environmental monitoring [1] . FMFs are used as a sensing medium in distributed optical fiber sensing due to their advantages such as higher nonlinear threshold level as well as higher capture fraction of the scattered light [2] . In FMFs, probe pulse with a higher energy can be used compared with that in single mode fibers (SMFs), resulting in a stronger backscattering which, consequently, leads to a better signal-to-noise ratio (SNR).
In this study, a distributed acoustic sensor (DAS) based on two-mode fiber (2MF) and phase optical time domain reflectometry (φ-OTDR) interrogation technique is studied. A two-mode step-index fiber is used as a sensing medium and the proposed sensing system takes advantage of the previously established sensing techniques developed by the authors [3, 4] .
Experimental setup
The experimental setup used in this study is shown in Fig. 1 . A distributed feedback laser diode with a wavelength of 1550nm was directly modulated to generate 18ns pulses with a repetition rate of 25μs. An erbium-doped fiber amplifier (EDFA1) was used to amplify the probe pulse to 5W peak power. The amplified pulses travel through a fiber Bragg-grating (FBG) filter (λ 0 =1550.2nm; Δλ=0.4 nm; reflectivity =99.9%) followed by the first acousto-optic modulator (AOM1, insertion loss 3dB; extinction ratio =50 dB). A FBG was used to remove the amplified spontaneous emission (ASE) from the EDFA1, while AOM1 was used to couple the amplified probe pulse to the sensing fiber. During the pulse-formation phase, AOM1 was turned on to allow the probe pulse to reach the sensing fiber, while during the signal detection stage, AOM1 was switched off to prevent the ASE from EDFA1 saturating the detectors . A 98/2 tap coupler was added to monitor the peak power and shape of the probe pulse. The probe pulse with a peak power of 2.5W was then launched into the mode multiplexer (MMUX) via the circulator C2. The MMUX (CaiLAB) was used to selectively launch light into different modes of the 2MF. To test the response of the system to dynamic strains, 1.8 m of a 2MF fiber was wrapped around a ring piezoelectric transducer (PZT), 115 mm in diameter. A 1073 m and a 25 m long unstrained-unheated fiber were used before and after the PZT to separate the perturbed region from the sensing system and far end of the sensing fiber, respectively. The backscattered Rayleigh traces in the LP01 mode were collected by the third port of the circulator C2 while the backscattered traces in the LP 11a mode was collected from the corresponding LP 11a port of the MMUX. Both LP 01 and LP 11a outputs were amplified by the second optical amplifier (EDFA2). The ASE from EDFA2 was filtered by FBG2 with similar parameters to FBG1.
During the pulse-formation period, AOM2 remained switched off to block the Fresnel reflection from MMUX saturating the detectors. When the Rayleigh backscattered light reached the front-end of the sensing fiber, AOM2 was switched on to allow the amplified backscattered light to pass through to the IMZI. The output of AOM2 was coupled into a thermally insulated IMZI with a path imbalance of 4 m using a 50/50 coupler. Three photodetectors (40 V/mA transimpedance; 125 MHz bandwidth) were used to detect the light from the 3×3 coupler at the output of the IMZI. The photodetectors were sampled using a 500 MHz bandwidth oscilloscope at a sampling rate of 1.25 GSa/s. The refractive index (RI) of the sensing fiber was measured using an RI profiler ( Fig. 2(a) ). According to this profile, the sensing fiber had a step-index profile that supports two optical modes, LP 01 and LP 11 . Using COMSOL, the effective refractive indexes for LP 01 and LP 11a modes at λ=1550nm were calculated to be 1.4414 and 1.4392, respectively. The simulation results were obtained based on the extremely fine mesh size distribution of the fiber cross section in Fig. 2(b) . The simulation results of the light field distributions for the two modes are shown in Fig. 2 (c) and 2(d). Figure 3 (a) shows the 3D diagram of the system for LP 01 -LP 01 trace in the time domain. A periodic oscillation can be observed at 1073m from the front end of the fiber with a minimum detectable strain of 20nε. Figure 3(b) shows the output of the sensing system in the spectral domain. The peak in the figure indicates a 1500Hz monotone vibration at 1073m with a peak strain level of 102.9nε. Similar results were obtained after the analysis of LP 01 -LP 11 trace. To obtain the spectral and spatial profile for the section where an external perturbation was applied, two 2D cross-sections of the 3D diagram of Fig. 3(b) are provided in Fig. 4 . Figure 4(a) shows the frequency spectrum of the dynamic fluctuations at a single point on the sensing fiber for both LP 01 -LP 01 (blue) and LP 01 -LP 11 (orange) traces. Figure 4(b) shows the spatial distribution of the strain along the sensing fiber at a fixed frequency. In this figure, the LP 01 -LP 01 trace is spatially shifted with respect to the LP 01 -LP 11 trace. Figure 5 shows the noise floor (NF) for the results obtain through analysis of LP 01 -LP 01 and LP 01 -LP 11 traces as well as the combined results from the two traces. The combined results showed 2.5dB improvement in the noise floor of the sensing system. 
Experimental Results

Discussion
The location of the sinusoidal perturbation on the 3D diagram of Fig. 3(a) matches the location at which the sensing fiber was attached to the PZT. Moreover, the frequency and amplitude of the oscillation agree with that of the input voltage to the PZT. This figure clearly shows the capability of the sensing system in localizing the position of the perturbation without any cross-talk between the perturbed and unperturbed region.
The peak in the 3D plot of Fig. 3(b) corresponds to the frequency and strain applied by the PZT at 1073m and demonstrates that the sensor can accurately measure the location, frequency, and strain of dynamic perturbations along the fiber. Figure 4 (a) shows the frequency spectrum of the perturbation at a single point on the 2MF. The minimum strain sensitivity of the results obtained through the analysis of LP 01 -LP 11 traces was measured to be 38nε which was slightly higher than that of the LP 01 -LP 01 traces with NF of 32nε. This can be associated with the lower intensity level of the LP 01 -LP 11 traces compared to LP 01 -LP 01 traces. The frequency and amplitude of both traces, however, demonstrate an accurate measurement of strain variation along the sensing fiber. The diagram of Fig. 4(b) represents the spatial distribution of strain along the sensing fiber. In this figure, the strain distributions for the LP 01 -LP 01 and LP 01 -LP 11 traces along the fiber are at different positions. This is due to the difference in the path length and group velocity between LP 01 -LP 01 and LP 01 -LP 11 traces. According to Fig. 1 , LP 01 -LP 01 backscattered traces are transmitted through the circulator C2. Therefore, the length of the fiber attached to port 2 and 3 of the circulator (4.4m) should be included in the round trip time of the LP 01 -LP 01 traces. The LP 01 -LP 11 traces, on the other hand, directly couple to the EDFA2. Therefore, there is a 4.4m path difference in the strain distribution traces. Another factor influencing the perturbation location is the effective refractive indexes of the LP 01 and LP 11 modes. For 1100m long 2MF used in this experiment, the difference in the effective refractive indexes corresponds to 4.1ns temporal shift between the backscattered light in LP 01 and LP 11 modes.
This improvement can be observed in Fig. 5 where the combined results of LP 01 -LP 01 and LP 01 -LP 11 traces have led to 2.5dB improvement in the noise floor. This improvement means that the sensitivity or range of the system can be improved by combining the backscattered light from different modes. It should be pointed out that the 1.1km sensing range used in this study was limited by our access to a longer length two-mode optical fiber.
These results prove that DAS systems are capable of quantifying the frequency, strain, and location of dynamic perturbations anywhere along a FMF if the backscattered light from different modes are separated and analyzed individually by φ-OTDR technique. This shows that DAS systems can be modified to interrogate FMF installed in any infrastructure without the need to install new sensing fibers to monitor dynamic strains.
Conclusion
A distributed dynamic strain sensor using a two-mode sensing fiber is proposed and demonstrated. Since the scattered light is coupled from the fundamental mode into the higher order modes during the probe pulse propagates in a 2MF, φ-OTDR traces of both the LP01 and the LP11 modes can be used for dynamic strain analysis. 2MF based φ-OTDR demonstrated a sensing distance of 1100m and a spatial resolution of 2m. Such a system has the potential of improving the SNR by combining the phase from more FMF modes.
